A tsunami earthquake is defined as a shock which generates extensive tsunamis but relatively weak seismic waves. A comparative study is made for the two recent tsunami earthquakes, and a subduction mechanism near a deep-sea trench is discussed. These two earthquakes occurred at extremely shallow depths far off the coasts of the Kurile Islands and of eastern Hokkaido on October 20, 1963, and on June 10, 1975, respectively. Both can be regarded as an aftershock of the preceding larger events. Their tsunami heights and seismic wave amplitudes are compared with those of the preceding events. The results show that the time constants involved in the tsunami earthquakes are relatively long but not long enough to explain the observed disproportionality between the tsunamis and the seismic waves. The process times are estimated to be less than 100 s. The spario-temporal characteristics of the two events suggest that they represent a seaward and upward extension of the rupture associated with a great earthquake which did not'break the free surface at the coseismic stage. The amplitude and phase spectra of long-period surface waves and the long-period P waveforms indicate that this extension of the rupture did not take place entirely along the lithospheric interface emerging as a trench axis. It rather branched upward from the interface in a complex way through the wedge portion at the leading edge of the continental lithosphere. This wedge portion consists in large part of thick deformable sediments. A la. rge vertical deformation and hence extensive tsunamis result from such a branching process. A shallowest source depth, steepening of rupture surfaces, and a deformable nature of the source region all enhance generation of tsunamis. The wedge portion ruptured by a tsunami earthquake is usually characterized by a very low seismic activity which is presumably due to ductility of the sediments. We suggest that this portion fractures in a brittle way to generate a tsunami earthquake when it is loaded suddenly by the occurrence of a great earthquake and that otherwise it yields slowly. Upward branching of the rupture from the lithospheric interface produces permanent deformation of the free surface which is relative uplift landward and relative subsidence trenchward of the zone of surface break. This surface break zone geomorphologically corresponds to the lower continental slope between the deep-sea terrace and the trench. Such a mode of permanent deformation seems to be consistent with a rising feature of the outer ridge of the deep-sea terrace and a depressional feature of the trench. This consistency implies a causal relationship between great earthquake activities and geomorphological features near the trench.
INTRODUCTION
In island arcs the oceanic lithosphere underthrusts episodically beneath the continent at the time of a great earthquake. Before an earthquake the continental lithosphere is dragged down with the descending slab of oceanic lithosphere. When the stress reaches some critical value, the continental lithosphere elastically rebounds, and hence a great earthquake results. In a simple elastic rebound theory the continental lithosphere returns to its original position after the earthquake. In other words, the sum of the interseismic, coseismic, and postseismic deformation should be zero. It is well known, however, that an earthquake sequence leaves permanent uplift and landward tilting of coastal terraces and offshore islands. unlikely that it can be traced back to the trench axis. The vicinity of the trench axis is full of evidence for actively depressional features [e.g., Moore and Karig, 1976] , and there is little evidence for permanent uplift and landward tilting to the degree expected from coastal observations. It may be noted in conjunction with the above question that the aftershock area of a great earthquake tends to be confined geomorphologically to a deep-sea terrace and rarely extends further trenchward beyond the outer ridge of the deep-sea terrace [Den, 1968; Mogi, 1969; Yonekura, 1975] . The outer ridge of the deep-sea terrace sometimes emerges as islands, an example being the Middleton Island in the Gulf of Alaska. An interesting geodetic observation on this island Copyright ¸ 1979 by the American Geophysical Union. was reported after the Alaskan earthquake of March 27, 1964, which is one of the greatest earthquakes of this century. Figure   I shows the aftershock area, the observed land deformation, and a presumed fault model of this earthquake. As is seen in Figure la , there is a considerable gap between the seaward boundary of the aftershock area and the trench axis. On the profile across the aftershock area, along the line PQ, the coseismic deformation was observed as shown in Figure lb [Hastie and Savage, 1970] . Miyashita and Matsuura [1976] to geomorphological features near the trench. This paper attempts to answer these questions through a study of large earthquakes near trenches.
KURILE EARTHQUAKE OF OCTOBER 20, 1963
A seaward extension of the rupture after a great earthquake appears to occur not only aseismically but also in a brittle way so as to generate a seismic shock. A typical example of this type of shock is the largest aftershock of the great Kurile earthquake of 1963 (Ms = 8.2), whose major sequence is given in Table 1 . Figure 2 shows the aftershock areas of the mainshock, the largest foreshock, and the largest aftershock whose mechanisms are all typically low-angle thrust faulting [Stauder and Mualchin, 1976; Kanamori, 1970a This aftershock is unique in many aspects among thrust earthquakes in the related region. First of all it generated Figure 4 shows the Benioff strain seismograms (galvanometer period of 180 s) at Pasadena, California. The trace amplitude of the long-period G 1 waves of the aftershock is less than one tenth of that of the mainshock. Ben-Menahem and Rosenman [1972] obtained an average amplitude ratio of about 10 for mantle waves at periods of 200-300 s. This amplitude ratio is contrasted with the observed tsunami height ratio of about 2.5, the contrast being too large to be overlooked even if various uncertainties involved in the tsunami data are taken into account. Because of this contrast we call this aftershock a tsunami earthquake [Kanamori, 1972] . Kanamori [1972] explained a tsunami earthquake by an unusually long process time. We now examine whether the 1963 tsunami earthquake is also of this type. Ben-Menahem and Rosenman [1972] took the spectral amplitude ratios for mantle Love and Rayleigh waves of the mainshock to the aftershock. Their result shows that the amplitude ratio has a slight tendency to decrease as the period decreases from 300 to 100 s [Ben-Menahem and Rosenman, 1972, Figures 12 and 13] . The ratio at the long-period end is about 11. This tendency for the spectral ratio to decrease with decreasing period suggests that the process time of the aftershock is smaller than that of the mainshock. A smaller process time was demonstrated more directly by Furumoto [1979] , who analyzed the multiple Rayleigh waves for which great circle phase velocity and Q are accurately known [Nakanishi, 1978 [Nakanishi, , 1979 . He obtained process times of 93 and 62 s from these phase spectra in the period range 150-300 s for the mainshock and the aftershock, re- There is therefore little reason to believe that the tsunamis were mainly generated by a source whose process time is much longer than 60 s, a value determined from long-period surface waves. For the mainshock the free oscillation data with periods up to 600 s are consistent with a source time function determined from the surface wave data [Abe, 1970] . It may then be concluded that the tsunamis of the mainshock were generated by a source with a process time of about 100 s, which was determined from long-period surface waves. It appears almost certain that the process time of the aftershock is not longer than that of the mainshock and therefore that process time alone cannot explain why the efficiency of tsunami generation was so different between the mainshock and the aftershock. km/s for the largest aftershock (= tsunami earthquake), we obtain r • 37 s, which seems to be significantly smaller than the value of 62 s actually obtained [Furumoto, 1979] . This indicates a relatively slow process at the source of the tsunami earthquake. To be compatible with the observed value of r a rupture velocity of about 2.0 km/s may be necessary. A slow rupture process is also indicated from the P wave seismograms. 14) . A similar conclusion can also be derived from the azimuthal pattern of the initial phase of long-period Rayleigh waves [Furumoto, 1979] , yet the first motion data constrain the dip angle of the fault to less than 5 ø . W e interpret this discrepancy in terms of a focal mechanism change during the rupture.
NEMURO-OKI EARTHQUAKE OF JUNE
What can be determined from the first motion data is a mechanism at the beginning of the rupture. The radiation patterns of long-period surface waves are, on the other hand, primarily controlled by an average mechanism during the rupture process.
A mechanism change is also suggested from the long-period P wave seismograms. In Figure 15 , station RIV, Australia, is fairly close to a P wave nodal plane for both the mainshock and the aftershock. Station COP, Denmark, is far from the nodal plane. The P wave amplitudes of the mainshock at RIV are, for this reason, considerably smaller than those at COP. In the case of the aftershock, on the other hand, relatively small amplitudes are seen at RIV only for the first 30 s. The amplitudes in the remaining portion of the P wave seismogram are as large as those at COP. This feature was first discussed by Takemura and Suzuki [1977] and appears to be most simply explained by a focal mechanism change. Note that the direction of the first motion is opposite at RIV for the mainshock and the aftershock, manifesting a difference in the initial mechanism between the two events. The dip angle of the initial fault is 22 ø for the mainshock [Kanamori, 1970a] of the thrust plane therefore may be explained by either an upward branching of rupture from the lithospheric boundary toward the surface or a downward branching of rupture into the interior of the descending slab. The first alternative is apparently a more likely process. If this is the case, the upward branching took place through a wedgelike region at the leading edge of the continental lithosphere (see Figure 19 ). Figure 17 shows a structure of this wedgelike region across the central Aleutian arc [Grow, 1973] . It consists largely of thick deformed sediments [Grow, 1973] [Weizman, 1966] . The thickness of 5 km in southern Kurile is the one for the 2.8 km/s layer directly below which the 6.6 km/s layer appears in the related velocity profile [Weizman, 1966 ]. This direct appearance of the 6.6 km/s layer is perhaps a spurious result of inappropriate shot distances [Hotta, 1972] , and possible intervening layers may be still sedimentary.
GEOMORPHOLOGY NEAR DEEP-SEA TRENCHES
We thus conclude that the wedgelike region ruptured by a tsunami earthquake consists largely of thick sediments. These axis, where a very low seismic activity is apparent. On this island, as was described in a previous section, a substantial postseismic deformation has been observed after the great Alaskan earthquake. In cross section (b) the Aleutian tsunami earthquake of •April 1, 1946, has been located about 40 km landward of the trench axis [Sykes, 1971] , where the seismic activity is again low. This earthquake produced one of the greatest tsunamis of this century, although the tsunami-generating mechanism may not be the same as that for the 1963 and 1975 tsunami earthquakes [Kanamori, 1972] . In cross section (c), across the central Aleutian arc there is again an aseismic region at the leading edge of the continental lithosphere for which a structural cross section is shown in Figure 17 . This aseismic region more or less corresponds to the sedimentary wedge. Presumably this sedimentary wedge is inelastically too deformable to sustain stress sufficient to produce stationary seismic activity. The presence of the aseismic wedge is, in this interpretation, an indication for active deformation rather than stableness. As seen in Figures 18d and 18e , the Kamchatka-Kurile arc also possesses an aseismic wedge at the leading edge of the continental lithosphere, in which the 1963 and 1975 tsunami earthquakes were generated.
MECHANISM OF TSUNAMI EARTHQUAKES
Fracturing through the thick sediments produces large displacement in the source region but relatively small displacement at far fields. For example, if we assume a P velocity of 4 km/s and a density of 2.5 g/cm 3 in a focal region of a tsunami earthquake whose significant portion is sedimentary, we may expect an average rigidity of about 1.3 X 10" dyne/ cm:. This low rigidity is markedly contrasted with a rigidity of about 5 X 10 • dyne/cm"' (Vp = 7 km/s, p = 3 g/cm a) in a farther landward region where ordinary thrust earthquakes occur. Because of such a rigidity contrast the source displacement of a tsunami earthquake may be, in this case, about 4 times as large as that of an ordinary thrust earthquake when the far field displacements are the same. Moreover, the source displacement attains a substantial amount of vertical component at the sea bottom through the upward branching process of rupture so as to generate tsunamis more effectively. The upward branching process thus contributes to extensive tsu- We have assumed a P velocity of 4 km/s in the tsunami earthquake region and 7 km/s in the ordinary thrust earthquake region. From a view point of a scaling law [Aki, 1967] , such a velocity contrast may also exist for rupture velocity. If the rupture velocity of an ordinary thrust earthquake is 3.5 km/s, then the rupture velocity of a tsunami earthquake may be as low as 2.0 km/s. The latter value is consistent with the rupture velocity of the 1963 tsunami earthquake which has been estimated in a previous section. With the above contrast in rupture velocity the process time associated with a fault surface of 100 X 60 km' is 65 s (equation (1)) for a tsunami earthquake but only 37 s for an ordinary thrust earthquake. The rise time associated with a source displacement for a certain seismic moment will be different in a similar way between the two types of earthquakes. The spectral characteristics of seismic waves at periods shorter than 65-130 s would then be significantly different between the two types of earthquakes, but the longer-period behavior may be more or less the same. Such spectral characteristics seem to be consistent with those of the recent two tsunami earthquakes whose source dimensions are roughly the same as in the above discussion. Aftershocks of a tsunami earthquake perhaps occur both in the ductile matrix of the sedimentary wedge and in the intervening brittle layers. They will also occur along the major lithospheric boundary at shallowest depths and greater depths. Spectral characteristics of seismic waves may, for this reason, be different for different aftershocks.
We suggested in a previous section that the sedimentary wedge usually yields before it fractures. Low seismic activity near deep-sea trenches (Figure 18 ) is an indication for this deformable nature of the wedge. A tsunami earthquake is in this context a rather rare event. We suggest that the wedge portion fractures to generate a tsunami earthquake only when it is loaded suddenly. Sudden loading occurs, for example, when a great earthquake does not break the free surface at the coseismic stage. We have already seen that the recent two tsunami earthquakes were preceded by larger thrust earthquakes. We suggest that these preceding events did not break -the sea bottom completely but instead loaded the sedimentary wedges, which were eventually fractured by the tsunami earthquakes.
The above mechanism of a tsunami earthquake is quite different from a mechanism proposed by Kanameri [1972] , who attributed its extensive tsunamis to an unusually long process time. There is no doubt that a time constant is a controlling factor for some tsunami earthquakes. What we propose here, then, is the presence of another type of tsunami earthquake which is inherent to the subduction process near the trench. Our interpretation assumes a low rigidity in the source region which can be checked against a detailed study of the deep structure beneath the inner wall of a trench.
TECTONIC IMPLICATIONS
Near a deep-sea trench, active deformation takes place in a zone between the trench axis and the outer ridge of the deepsea terrace, and this zone, corresponding to the lower continental slope, defines the surface expression of the subduction zone [Karig and Shatman, 1975] . In other words, the megathrust between the oceanic and the continental lithosphere does not come to the surface as a simple shear plane, but instead it merges as a complex shear zone across the lower continental slope [Yenekura, 1975; Ernst, 1970] . The Franciscan m•lange has been interpreted as a fossil of this complex shear zone [Hsii, 1971; Ernst, 1970] . In this zone, subsidiary reverse faults branch upward from the main thrust surface, and these imbricate faults become steeper toward the surface [$eeley et al., 1974]. We suggest that rapid and intense deformation takes place in this zone either at the time of a great earthquake or shortly after it. If the deformation occurs at the coseismic stage, its effect on the seismic waves and the tsunamis would be indistinguishable from the effect due to a major slip along the lithospheric interface. Alternatively, the intense deformation may take place at the postseismic stage in either a brittle or a ductile way. The brittle mode of post- The process just described corresponds to the stage shown in Figure 19c . The stages shown in Figures 19a and 19b correspond to the interseismic stage and the coseismic stage of a great earthquake sequence. At the interseismic stage ( Figure  19a ) the continental lithosphere is dragged down with the descending slab of lithosphere, and the stress gradually accumulates within it. The accumulated stress is partially relieved by ductile deformation in a wedge portion near the trench, where two dominant modes of stress relaxation are complex folding and imbricate faulting. The stress relaxation becomes progressively smaller landward away from the trench. The stress eventually reaches a critical value somewhere in a landward portion. Brittle fracture thus results as a great earthquake. If the rupture does not reach the free surface at this stage, the wedge portion at the leading edge of the continental lithosphere is loaded and strained. This corresponds to the coseismic stage shown in Figure 19b .
The above earthquake sequence leaves a permanent deformation on the free surface because thrusting associated with a great earthquake eventually branches upward from the lithospheric interface. The deformation is relative uplift landward of the zone of surface break and relative subsidence oceanward. This zone of surface break geomorphologically corresponds to the lower continental slope. An earthquake sequence thus produces relative uplift at the top and relative subsidence at the foot of the lower continental slope. Such crustal movement seems to be consistent with an actively rising feature of the outer ridge of the deep-sea terrace. It is also consistent with a depressional feature near the trench in the sense that if there were little sediment supply at the trench and if other tectonic factors were ignored, the foot of the lower continental slope would be progressively deepened by great earthquake activities. Anyway, the above consistency implies a causal relationship between great earthquake activities and geomorphological features near trenches. The presumed crustal movement is also consistent with a permanent uplift of coastal terraces that occurs episodically at the time of great earthquakes (K. Nakamura, personal communication, 1977). Southwest Japan, Alaska, and Chile are full of evidence for such an episodic coastal uplift (see for the detailed references Yonekura [ 1975] ). We suggest that a coastal uplift at the time of a great earthquake can be traced back seaward to the outer ridge of the deep-sea terrace but not farther trenchward. Observation of sea bottom deformation before and after a gi'eat earthquake is an essential key for checking the above model of the shallowest subduction.
CONCLUSION
Many island arcs possess a thick sedimentary wedge at the leading edge of the continental lithosphere. This portion is characterized by low seismic activity which is presumably due to ductile deformation of sediments. The 1963 and 1975 tsunami earthquakes were generated in this wedge portion. We suggest from a study of these earthquakes that the sedimentary wedge plays an important role in great earthquake process and, in turn, that great earthquake activities are causally related to geomorphological features near trenches. We are currently investigating short-period records of more than 600 submarine shocks occurring along the Japan trench (Y. Fukao and K. Kanjo, unpublished manuscript, 1979). The results show that low-frequency earthquakes can be found almost exclusively in a belt of low seismic activity just landward of the Japan trench. This observation again indicates anomalous mechanical properties of a sedimentary wedge.
